Paleopoles determined from seamount magnetic anomalies constitute the major data source for the Pacific apparent polar wander path, but relatively little is known about the processes of remanence acquisition in seamounts. Since magnetic anomalies reflect both natural remanence (NRM) and the induced field, it is important first to assess whether the NRM is likely to represent an original field direction and second to constrain the magnitude of the induced component. To this end, we present paleomagnetic data from an uplifted, subaerially exposed section through a seamount on La Palma, Canary Islands. The Pliocene Seamount Series of La Palma comprises a >6 km sequence of alkalic extrusives and intrusives which includes all lithologies likely to be volumetrically important in seamounts. The structural tilt of the Seamount Series allows separation of early thermal or chemical remanence from magnetization components acquired after tilting (e.g., viscous remanence). The NRM provides a poor indication of the original magnetization direction, although the characteristic magnetization of many La Palma samples is compatible with the original pretilt direction. Hydrothermal alteration has resulted in the production of Ti-poor magnetite and an increasing contribution of hematite with increasing degree of alteration. More importantly, well-defined magnetization directions which deviate from any reasonable geomagnetic direction at La Palma can be attributed to hydrothermal alteration in a different polarity than prevalent during the original magnetization. Based on a comparison of the magnitude of low-stability components of magnetization and laboratory acquisition of viscous remanence and previous estimates of the induced magnetization, we conclude that viscous and induced magnetization probably account for 15-25% of the total magnetization of seamounts. The resulting paleopole bias is a function of the polarity and paleolatitude of the seamount and ranges from 4ø to 16 ø for Cretaceous seamounts in the Pacific.
INTRODUCTION
Magnetic anomalies associated with seamounts have long been recognized as a source of tectonic information, and seamount paleopoles have been particularly useful in r<on-structing the history of the Pacific plate [e.g., Francheteau et al., 1970] where traditional, land-based paleomagnetic sampling is rarely possible. Although paleomagnetic data from drillcores, sediment distribution patterns, and skewness of lineated crustal anomalies provide complementary tectonic information [Gordon and Cox, 1980] , seamount poles remain the principal source for the Pacific apparent polar wander path and, indeed, are sometimes held as the standard by which these additional data are judged [e.g., Gordon, 1990] .
The nonuniqueness inherent in the determination of seamount paleopoles requires that some assumptions be made concerning the magnetization sources (see Parker et al. [ 1987] for a review). Early models utilized the assumption of uniform magnetization to determine the best fit magnetization in a least squares sense [Vaquier, 1962] plex anomaly patterns may be accommodated by arbitrarily' subdividing the seamount into regions of uniform magnetization [e.g., McNutt, 1986] , the spatial coherence of residuals suggests the standard least squares inversion is based on an improper statistical model [Parker, 1988] . The seminorm minimization technique of Parker et al. [1987] incorporates both uniform and nonuniform components, providing the most uniform model compatible with the observed anomaly and thereby estimating the minimum degree of nonuniformity in the magnetization of the seamount demanded by the data. The lognormal distribution of magnetization intensities observed in seamount rocks [e.g., Kono, 1980; Gee et al., 1989] suggests that nonuniformity in intensity is probably the rule rather than the exception. In recognition of this large intensity variation, Parker [1991] developed an ideal body modeling t•hnique for seamount magnetization which constrains the solution to have uniform direction while allowing intensity to vary. Directional information can still be recovered despite relaxation of the intensity constraints, but the location of seamount paleopoles is much more poorly constrained than commonly assumed.
Although these recent models have made significant progress in addressing the nonuniformity of seamount magnetic sources, bias introduced by viscous and induced contributions is difficult to incorporate in the models. Comparison of modeling results from normal and reversely magnetized seamounts [Hildebrand and Staudigel, 1986 We have used the observed layering of the extrusive series as the basis for our structural correction. Paleomagnetic data from the least altered pillow lavas in the Seamount Series provide independent support for this structural correction. The mean characteristic magnetization direction obtained (Table 2) . Standard paleomagnetic cores were drilled and oriented with a magnetic compass. Some cores were also oriented with a sun compass. Comparison of the two methods indicated no bias in the magnetic compass orientations, and the sun compass readings indicate a magnetic declination nearly identical to the IGRF declination at the site (-10ø). More than 90% of the sites were located in the layered extrusive series and sill/dike swarm (Figure 1 a) . Approximately 90 sites were drilled in dikes/sills, including three localities with 10-15 dikes/sills each. Half of these were identified as Group II sills, primarily on the basis of their attitude (mean dip/direction of dip 54ø/223ø), with equal numbers of samples from Group I and Group III dikes. More than 60 pillow sites span the range of compositions and alteration temperatures found in the Seamount Series. The volcaniclastic units sampled (25 sites) were primarily pillow fragment breccias, lapillistones and scoriaceous pillow breccias. Gabbros within the extrusive series and gabbro screens within the sill complex were sampled where possible. The remaining 10% of the sites sampled gabbros and dikes at 18 widely spaced sites within the caldera (not shown in Figure la ).
USE OF THE SUM OF VECrOR

DIFFERENCE MAGNITUDES
The Seamount Series samples exhibit both normal and reversed polarity characteristic magnetizations and most samples have a low-stability component of normal polarity, which often significantly reduces the initial remanent intensity of reversed polarity samples ( Figure 2a) . As a result, parameters such as blocking temperature and median destructive field, which are based on the natural reinanent magnetization (NRM), are biassed by polarity. To ameliorate this problem we have used the vector difference sum (VDS) as a basis for calculating magnetic parameters such as blocking temperature. The sum of the vector difference magnitudes between successive demagnetization steps gives an estimate of the sample's original NRM, assuming that the secondary component is acquired by reorientation of moments in existing grains rather than net addition of magnetic material. This is in effect the sum of each component aligned to a common direction. The VDS is, of course, also artificially increased by any noise in the directional measurement and artificially reduced if an insufficient number of demagnetization steps were made to Zijderveld [1967] . We will show later that the low-stability component postdates tilting of the Seamount Series and can reasonably be attributed to a viscous remanence (VRM) acquired at low to moderate temperature. Since temperature is much more efficient than alternating field treatment for removing VRM [Dunlop, 1973] , we have used thermal demagnetization curves exclusively for calculating the percentage of secondary magnetization. For this study each thermally demagnetized specimen was typically subjected to 15-20 steps, sufficient for the purpose of calculating the VDS.
RESULTS
Natural Remanent Magnetization
The magnetic anomaly of a seamount measured at the 
Demagnetization Results
Approximately 1000 specimens were subjected to stepwise thermal or alternating field (AF) demagnetization, with a minimum of three samples from each site. The majority of samples were thermally demagnetized, as this method often provides more reliable results, in 50øC steps from 100 ø to 500øC followed by 20øC steps until the directions became random or the sample intensity fell below 1% of the NRM value. The uniformity of temperature steps was maintained to facilitate comparison of blocking temperature spectra. and maximum unblocking temperatures. Components of magnetization were defined by principal component analysis [Kirschvink, 1980] These results suggest that the high glass content of the hyaloclastite has resulted in significant alteration while the amoeboidal fragment maintained its original magnetization, albeit with a significant viscous overprint. The origin of these anomalous directions will be discussed more fully below.
Blocking temperature data from the demagnetization studies also yield a first order characterization of the magnetic mineralogy. Thermal demagnetization of isothermal reinanent magnetization, petrographic observations, microprobe data and Curie temperature determinations provide additional constraints on the magnetic mineralogy; however, the blocking temperature data are particularly useful since this data is (Table 2 ).
a weighted mean was calculated to provide the best estimate of the low-stability contribution for each lithology (Table  2) . Moderate low-stability components are common in several leucogabbros, although the majority of gabbros have relatively minor secondary overprints. The most substantial secondary magnetizations (36%) are in dikes/sills from La Palma. Pillow lavas typically have lower percentages of secondary magnetization than do the dikes and sills; however, larger low-stability components are present in some pillow lavas, particularly those from the more highly altered portion of the sequence (Table 2) Figure 11c . In many cases, this magnetization can be ascribed to reheating from an adjacent Group lIl dike although moderate laboratory VRM is observed in some hyaloclastite samples.
DISCUSSION
The results from La Palma samples (Table 2) 
Magnetic Mineralogy
We interpret the uniformly high Tb in the Seamount Series to indicate the presence of Ti-poor titanomagnetite in both intrusives and extrusives. The presence of nearly pure magnetite in intrusives might be expected simply from their slow cooling history, Bowever, its presence in the extrusives is enigmatic. The dominance of Tl-poor magnetite is strongly supported by the petrographic observations and magnetic data outlined below. In addition, we use the percentage of remanence remaining at 600øC as an indicator of the possible contribution of hematite to the remanence. The inferred hematite contribution is less certain, but is also generally supported by the available data. We attribute both the production of low-T• magnetite and hematite in extrusives to hydrothermal alteration processes.
A sample from the uppermost portion of the Seamount Series illustrates the dominance of the low-Ti spinel phase even in relatively unaltered pillows (Figures 12a-12c in an Ar atmosphere) is nearly reversible with a initial Curie temperature above 500øC and also shows little evidence of a Ti-rich titanomagnetite (Figure 12c ). These observations are consistent with the production of low-Ti magnetite by hydrothermal alteration even at the relatively low temperatures documented for the upper portion of the Seamount Series. Rapid cooling of the pillows effectively rules out deuteric oxidation as a mechanism for producing the pure magnetite. Similarly, the preservation of near equilibrium (z = 0.6) titanomagnetites in the least altered parts of the Seamount Series indicates that the Tipoor magnetite is probably not a primary phase in these alkalic lavas. Low-temperature oxidation of titanomagnetite may increase Tb, however, even complete oxidation of titanium-rich titanomagnetites is insufficient to produce the 
Origin of Anomalous Remanence Directions
It is evident from both the demagnetization curves in Figure 6 and the distribution of site mean directions ( Figures  10 and 11 ) that a significant portion of the samples have directions which differ from either the expected pretilt or posttilt directions at La Palma, lying outside the range of directions predicted from the magnitude of paleosecular variation at this latitude. The following generalizations may be made concerning these anomalous directions: (1) normal polarity directions show higher dispersion than reversed directions, (2) normal polarity directions (in geographic coordinates) are biassed toward the west and include negative inclinations, and (3) many demagnetization diagrams show a characteristic inflection at ~200øC (e.g., Figure 6c ). The distribution of reversed site means from the sills (Figures  10d-10f) is an obvious exception to the first point and is probably best understood in terms of successive tectonic tilting and/or reheating. We propose that the anomalous directions are the result of overlapping normal and reversed polarity magnetizations which can best be attributed to a reversed remagnetization event which affected much of the Seamount Series prior to tilting.
Results from a leucogabbro within the layered extrusives illustrate how the inflection and shallow negative inclinations may be produced (Figure 14) . Thermal demagnetization (Figure 14a ) reveals three components, of which the lowest stability component is viscous since the sample acquired 75% VRM in 5600 hours. Indeed, the NRM is indistinguishable from the present field at La Palma (Figure 14c Since these two specimens are from the same core, the very large differences between the vector endpoint diagrams are probably a result of the variable stability of the components to AF and thermal demagnetization. Thus, the type of demagnetization behavior shown in Figure 6c can be produced by overlapping components of opposite polarity.
Demagnetization data from a feeder dike on the northwest flank of the Barranco de las Angustias illustrate the origin of these westerly, shallow directions (Figure 15) . Thermal demagnetization of sample LP860al (Figure 15a 
IMPLICATIONS FOR SEAMOUNT PALEOPOLES
The results presented in the previous secflons cast doubt on the fidelity of many seamount lithologies in preserving a record of the geomagnetic field at the time of intrusion or deposition. In particular, the NRM rarely provides a good estimate of the characteristic magnetization direction, often being biassed toward the present field by a VRM. The magnetization directions of extrusives and dikes and sills emplaced early in the history of the seamount are generally consistent with a magnetization acquired prior to tilting (Table 2) ; however, the distribution of the characteristic magnetization suggests the presence of an incompletely removed secondary component. Thus, even directions determined from stepwise demagnetization may not represent the original magnetization. We suggest this inability to recover the original magnetization direction stems from a complex history of alteration which occurred in a different polarity state than prevalent during the original magnetization. Since the exposures in La Palma are unique in their completeness, we focus on processes affecting the magneflzation which are likely to apply to other seamounts.
Role of Multiple Polarities
The presence of large volumes of material with different polarities constitutes one of the more difficult problems in seamount anomaly modeling. Lumb et al. [1973] have shown that layers of alternate polarity can lead to erroneous paleopole positions, particularly if the two polarity states are not antipodal. Multiple polarities might be detected by the spatial correlation of residuals in least squares models [e.g., Parker, 1988] , and the seminorm minimization technique of Par'ker et al. [1987] should also detect large blocks of opposite polarity. The more recent ideal body modeling, however, suggests that even complex anomalies may be compatible with a uniform direction, provided variations in intensity are not constrained [Parker, 1991] Results from the La Palma Seamount Series provide support for the presence of multiple polarities in many seamounts. Extrusives of the Seamount Series are dominantly of normal polarity with several reversed sites in the lower part of the section. Together with the biostratigraphically determined age of 2.9-4.0 Ma for the extrusive series [Staudigel, 1981] , these results suggest that most of the extrusives erupted during the Gauss normal polarity chron. Although the precise age relationships of the intrusions are unknown, the presence of reversed sills and gabbros requires that the Seamount Series span a minimum of two reversed and one normal interval, and it may encompass much of the Pliocene. In addition to the complexity introduced by simple superposition of reversed and normal polarity material, seamount construction spanning more than one polarity interval is apparently a prerequisite for the generation of anomalous directions from hydrothermal alteration.
Importance of Reheating and Hydrothermal Alteration
The emplacement of intrusives within a seamount may be associated with either local remagnetization by conductive heating or hydrothermal alteration. Conductive heating from dike emplacement is an inefficient mechanism for remagnetizing country rock. Samples taken near dike contacts often exhibit low-stability components of magnetization with unblocking .temperatures higher than expected for a low- The induced and viscous contribution to seamount magnetization derived from our study suggests several approaches for evaluating the reliability of individual seamount paleopoles as well as for possibly improving the Pacific apparent polar wander path. The relative contribution of IM and VRM is dependent on lithology, with greater contributions associated with intrusive material. As suggested previously [Gee et al., 1989 ], the average density might be used to identify seamounts with a high proportion of intrusives and therefore a potentially larger bias due to viscous and induced magnetization. In addition, comparison of solutions from the various modeling techniques provides an indication of the error for an individual palcopole determination. For example, the ideal body, seminorm and least-squares solutions for Darwin Guyot, a large seamount formed in the early Cretaceous, differ by more than 200 [Parker, 1991] . Some estimate of the potential paleopole error may also be derived by modeling the seamount anomaly after removal of an estimated VRM and IM contribution parallel to the ambient field. The overall contribution of 15%-25% may be appropriate for many seamounts, although additional geophysical constraints on the internal structure of the seamount are obviously desirable to construct a geologically reasonable model. Finally, we suggest that palcopoles modified in this way may provide a more realistic estimate of plate motion. The asymmetry of the palcolatitude bias should be considered when combining such corrected palcopoles from seamounts of different polarity.
Our data from La Palma also indicate that preservation of the original magnetization direction may be affected by hydrothermal alteration, which results in the production of 1ow-Ti magnetite and an increasing contribution of hematite to the remanence. In addition to significant changes in the bulk magnetic properties, magnetization directions which deviate significantly from any reasonable geomagnetic direction at La Palma can be attributed to hydrothermal alteration in a different polarity than prevalent during the original magnetization. Seamount construction over multiple polarity intervals, when coupled with hydrothermal alteration, may therefore result in additional complications besides the simple superposition of rocks of different polarity. These results suggest that small seamounts, with little intrusive material and possibly less hydrothermal activity, and seamounts constructed within a single polarity interval may provide the best opportunity for determining palcopoles.
The 
